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We demonstrate terahertz (THz) split-ring resonator (SRR) designs with incorporated germanium telluride (GeTe) thin films. GeTe is a chalcogenide that undergoes a nonvolatile phase change from the
amorphous to crystalline state at approximately 200  C, depending on the film thickness and stoichiometry. The phase change also causes a drop in the material’s resistivity by six orders of magnitude.
In this study, two GeTe-incorporated SRR designs were investigated. The first was an SRR made
entirely out of GeTe and the second was a gold SRR structure with a GeTe film incorporated into the
gap region of the split ring. These devices were characterized using THz time-domain spectroscopy
and were heated in-situ to determine the change in the design operation with varying temperatures.
C 2016 Author(s). All article content, except where otherwise noted, is licensed under a Creative
V
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4953228]

Terahertz (THz) technology is an emerging field which
has many applications in areas such as biomedical spectroscopy,1 security screening,2 and communications.3 The THz
spectrum, defined as frequencies between 300 GHz and 10
THz, has frequently been called the THz “gap” because of a
lack of easy methods to generate, detect, and modulate THz
waves.1 However, there has been recent progress in methods
for better control THz waves, using technology such as photonic crystals, quantum cascade lasers, high-speed rectifying
diodes, and metamaterials.4 The utilization of metamaterials
is an interesting and promising approach, especially because
subwavelength periodic structures needed to make metamaterials for THz wavelengths of 100 lm can easily be made
with integrated circuit (IC) and microelectromechanical systems (MEMS) fabrication technologies. These methods can
create devices with minimum feature sizes on the order of
1 lm. Several actively tunable metamaterial designs have
been demonstrated in the literature, using MEMS,5–9 photoconductive silicon,10 high mobility electron transistors
(HEMTs),11 and Schottky diodes.12,13
In this study, we investigate incorporating germanium
telluride (GeTe) in metamaterial elements in order to create
a tunable response. GeTe is a chalcogenide phase-change
material with a six order of magnitude difference in resistivity between its crystalline and amorphous states.14 The phase
change occurs at the GeTe crystallization temperature (Tc)
of approximately 180–230  C, with the exact temperature
being dependent on the underlying substrate material, the
film thickness (as shown in Figure 1), or the stoichiometry15,16 of the deposited GeTe film. Crystalline GeTe (cGeTe) has a rhombohedral, distorted rocksalt crystal structure, with approximately 10% vacancies in the germanium
sub-lattice causing p-type conductivity in the material.17–19
Whereas simple heating can be used to crystallize amorphous GeTe (a-GeTe), c-GeTe can be transitioned back into
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a-GeTe using short electrical or optical pulses.20,21 There is
much current research interest in using chalcogenides like
GeTe for applications such as phase change random access
memory (PCRAM)22 and high-speed switching.21
For the fabrication of the devices in this study, a Denton
Discovery 18 sputtering system was used to RF sputter GeTe
using a 99.999% pure, 50/50 GeTe target. The sputtering
chamber was set to a pressure of 10 mTorr with a 20.1 sccm
flow of argon. The thickness of all deposited GeTe layers
was 300 nm. Devices with gold had the metal evaporated
using a Torr International electron beam evaporator to a
thickness of 280 nm, with an additional 20 nm titanium adhesion layer underneath it. All deposited layers were patterned
using a bi-layer liftoff process utilizing SF-11 and S1805
photoresists. The devices were fabricated on a 1 mm-thick,
intrinsic silicon substrate.
All fabricated devices were measured in a TeraView
THz time-domain spectroscopy (THz-TDS) system with a

FIG. 1. Variation of crystallization temperature vs film thickness for germanium telluride on an intrinsic silicon substrate, shown with an exponential
curve fit.
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variable temperature cell. In THz-TDS, picosecond pulses of
THz radiation were transmitted through a material under test
and measured in order to characterize the material. A fast
Fourier transform (FFT) was applied to the measured THz
pulse data to view the pulse in the frequency domain, and
these data were divided by the FFT data from a reference
pulse to view the frequency-dependent transmission response
of the sample material. Each measurement consisted of 5000
sequential scans of the sample material taken at a rate of 30
scans per second. For the GeTe-incorporated structures,
temperature-dependent data were taken from 30  C to 250  C
using a temperature controller with a ramp rate of 10  C/min.
Measurements were spaced by five additional minutes to
ensure temperature uniformity in the measurement cell.
Measurements were taken at incremental steps at 30, 100,
150, 180, 190, 200, 210, 220, and 250  C. After heating to
250  C, the samples were measured with decreasing temperature in steps at 200, 150, 100, 50, and 30  C. A final measurement of the sample, labeled “R.T.,” was taken 24 h after the
heating experiment.
The metamaterial unit cell used in this research was the
split-ring resonator (SRR) structure. An array of these SRRs
(without GeTe incorporation) is shown in Figure 2(a). The
SRRs shown in the figure have a 5 lm line width, 20 lm
square side length, 3 lm gap width, and a 39 lm periodicity
between elements. Figure 2(b) shows the measured transmission response of this SRR array and compares it to simulated
results. A sample’s transmission response is defined as
T ðf Þ ¼

Et
;
Er

(1)

where Et is the electric field spectrum of a measured sample
and Er is the electric field spectrum of a reference sample,
which in this case consists of a measurement of a piece of
bare substrate. In all measurements, the incident THz waves
were polarized such that the electric field aligned with the
gap, as shown in Figure 2(a). The symmetry of the SRR and
its periodic arrangement dictates that the overall metamaterial
will have a biaxial response with an additional bianisotropic
coupling term between electric fields in the x-direction and
magnetic fields in the z-direction (axis orientations are shown
in Figure 2(a)).23–25 Thus, the transmission response shown in
Fig. 2(b) can be attributed
to the exx and fzx components of
$
$
the metamaterial’s e and f tensors, respectively.

The simulated data were found using CST MICROWAVE
STUDIOV. Simulations were performed using unit cell
(Floquet) boundary conditions, with waveguide ports at normal
incidence to the metamaterial. The waveguide ports supported
the first two Floquet modes of the model. In the simulations,
the SRRs were modeled with a frequency-independent conductivity of 45.2 S/lm and had a simulated silicon substrate with a
dielectric constant of 12.04. A constant conductivity model can
be used instead of the more complete Drude model for gold
since the relaxation time, s, of the metal is on the order of
1014 s.26 Although gold is known to have decreasing conductivity at or near its percolation transition,27,28 the 300 nm gold
films in this study were thick enough to ensure conductivities
comparable to the bulk material value of 45.2 S/lm. In the
complex dielectric constant, the constant conductivity model
manifests itself as a significant contributing factor in the imaginary e2 term as
R

~e ¼ e1  je2 ¼ e1 

r
;
e0 x

(2)

where e1 is the real component of the dielectric constant (due
to bound electrons26), r is the constant conductivity, x is the
angular frequency, and e0 is the free space permittivity constant. In the THz region for gold, the r=ðe0 xÞ term has a
magnitude on the order of 106, which makes the much
smaller e1 term negligible. In simulation, e1 was set to 1 and
was not expected to impact simulation results.
The silicon dielectric constant was characterized using a
fixed-point algorithm on measured THz-TDS transmission
data of a silicon sample.29
The transmission curves shown in Figure 2(b) have two
main notch points, one at approximately 0.8 THz and the
other at 2.2 THz. The 0.8 THz resonance is the quasi-static
LC resonance30 which can be shifted laterally by varying the
loop inductance or split gap capacitance of the SRR. The LC
resonance can also be viewed as a 1st order plasmon resonance of the structure.31 At plasmon resonances, the SRR
perimeter approximately matches an integer multiple of the
plasmon half-wavelength.32 Only the LC resonance, and
higher order resonances with odd half-wavelength multiples,
were observed in the transmission response due to the symmetry mismatch between the SRR orientation and the incident electric field polarization.31 The 2.2 THz notch seen in
the transmission response is the third order plasmon resonance. There were other high-frequency notches seen in the

FIG. 2. Gold split-ring resonators
(SRRs) are shown in (a), with axis
labels showing the orientation of the
incident wave. The label subscripts in
parentheses specify the x, y, and z
axes. The measured and simulated
response of the gold SRRs are shown
in (b).
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FIG. 3. Split ring resonators (SRRs) made out of germanium telluride
(GeTe) are shown in (a). SRRs made of gold with additional GeTe films in
the gaps of the split rings are shown in (b). The GeTe layer, gold (Au) layer,
and the intrinsic silicon (Si) substrate are also labeled.

simulation, but these did not resolve well in the measurements. This was most likely due to the THz-TDS pulses having lower spectral power at the higher frequencies.
The two GeTe-incorporated SRR designs are shown in
Figure 3. The “GeTe SRR” design shown in Figure 3(a) is simply an SRR array made completely out of GeTe. In the second
“GeTe-in-gap SRR” design, shown in Figure 3(b), the SRRs
are made out of gold, with a layer of GeTe between the splits
of each SRR. Both SRR designs have the same basic geometry
as the SRRs shown in Figure 2(a). The additional GeTe rectangles in the GeTe-in-gaps design are approximately 14 lm by
10 lm.
The temperature-dependent THz responses of the GeTe
SRR and GeTe-in-gap SRR designs are shown in Figures 4
and 5, respectively. Starting with the 190  C measurement,
both SRR designs transitioned (i.e., crystallized) and displayed metallic behavior. This was evident by the sudden
change in the transmission curve between the measurements
taken at 180 and 190  C. The GeTe SRRs exhibited an
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overall decrease in transmission amplitude, and the GeTe-ingap SRRs displayed a significant change in the transmission
shape. These altered transmission responses persisted after
the sample was subsequently cooled due to the nonvolatile
(latching) behavior of the GeTe transition.
During the heating measurements, further heating past
the crystallization temperature resulted in a decrease in transmission, seemingly indicating that the sample was becoming
more conductive at higher temperatures. However, GeTe is
known to become less conductive at higher temperatures.33
The slow rise in conductivity, as a function of temperature,
is therefore attributed to increase numbers of thermal
induced free carriers in the silicon substrate.34
There is a noticeable difference between the last in-situ
measurement taken at 30  C and the subsequent room temperature (R.T.) measurement, which were expected to be identical.
This observation supports the claim of an increased number of
carriers generated during thermal testing. Additionally, the
mismatch can be attributed to gradual changes in the transmitted THz pulse shape and strength over the course of the temperature measurement, which can take an upwards of 6 h. For
the measurement of thin films with THz-TDS, the sample measurement should be taken immediately after the reference measurement in order to minimize the effects of these gradual
changes.35 However, since the sample is measured in a heated,
evacuated chamber, the reference cannot be re-measured in
between each in-situ temperature measurement. For the R.T.
transmission curve, however, the reference measurement was
taken immediately before the sample measurement, which
resulted in a more accurate result for the final characterization
of the SRRs with c-GeTe.
The initial a-GeTe and final c-GeTe measurements of
both SRR designs were compared with computer simulations

FIG. 4. Transmission response of germanium telluride split-ring resonators
with (a) increased and (b) subsequently
decreased temperature.

FIG. 5. Transmission response of germanium telluride in gap split-ring resonators with (a) increased and (b)
subsequently decreased temperature.
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FIG. 6. Simulated and measured comparison for (a) amorphous germanium
telluride (a-GeTe) split-ring resonator
(SRR), (b) crystalline GeTe (c-GeTe)
SRR, (c) a-GeTe-in-gaps SRR, and (d)
c-GeTe-in-gaps SRR.

R

of the structures using CST MICROWAVE STUDIOV. The
frequency-dependent THz conductivities and permittivities
of GeTe in the amorphous and crystalline states are available
in the literature36,37 and were used for these simulations. The
measured and simulated results are shown in Figure 6.
After heating past the crystallization temperature, sharp
resonances were expected to appear in the THz transmission
response of the GeTe SRRs. Although the overall transmission through the SRRs decreased, the magnitude of the
decrease was very slight, and there were no sharp resonances
in the response. This is likely due to ohmic losses in the cGeTe. Although c-GeTe is known to be conductive, it is not
an ideal conductor, like gold, for conducting at THz speeds.
These ohmic losses in c-GeTe were high enough to cause an
over-damped situation in the SRR current oscillations that
normally occur at resonance. For the c-GeTe SRR, this
resulted in the complete absence of the 0.8 THz resonance
and a marked attenuation in the 2.2 THz resonance.
The transmission response of the GeTe-in-gap SRRs
changed drastically after crystallization. The LC resonance
at 0.8 THz, present in the a-GeTe state, was completely eliminated upon transition to c-GeTe. The higher order resonance
remained, although it was shifted and had a wider bandwidth. Unlike the GeTe SRRs, the GeTe-in-gap SRRs were
not strongly affected by the ohmic losses in c-GeTe. Since
they only had a relatively small amount of GeTe in the gap
section of the otherwise completely metallic (i.e., gold)
SRRs, the GeTe-in-gap SRRs only had a small fraction of
the ohmic loss when compared to SRRs made completely
from GeTe.
The absence of the LC resonance after heating of the
GeTe-in-gap SRRs can be attributed to the GeTe rectangles
creating conducting paths across the SRR gaps, effectively
shorting out the capacitance necessary for the LC resonance.

From the perspective of plasmon resonances, the conducting
path created by the GeTe rectangles effectively adds a
degree of reflection symmetry to the SRR, which in turn
restricts the SRR from having plasmon resonances with an
odd number of nodes, including the LC resonance.31 This
also indicates that the shift seen in the higher frequency
notch is really a switch from the third order to the second
order plasmon resonance. This resonance has a higher bandwidth because the second order mode is essentially a dipolar
resonance, giving it a stronger tendency to radiate.
As the GeTe-in-gap SRR clearly demonstrates, there is
much potential for GeTe to provide significant tunability of
metamaterial devices. A GeTe-incorporated metamaterial
can be utilized, for example, as a thermal sensor or fuse
where the fusing temperature is tuned by changing either the
GeTe film thickness (illustrated in Figure 1) or its stoichiometry.15,16 Temperatures exceeding the threshold are readily
detected due to the drastic blueshift in the metamaterial’s
transmission response at the transition temperature (shown
in Figures 5 and 6). By adding an additional circuit for electrical GeTe switching or by optimizing the GeTe film parameters for optical switching, GeTe-incorporated metamaterials
can also have applications in modulation. For example, the
absence or presence of the LC resonance in the GeTe-ingaps SRR could be used for a frequency-selective amplitude
modulation scheme, or the shift between different plasmon
modes could be used for frequency modulation.
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